In 1835, Davy,1 noting the mammalian-like red meat and copious blood of the bonito (Thynnus pelamys Cav.), measured its temperature and found it to be 100C higher than the water. From conversations with "intelligent fishermen" he learned that the bluefin tuna also has a high body temperature. There have been numerous other measurements showing that for various species and water temperatures the tuna may be from 0 to 140 higher than the water.1-5 Marlin are also said to have a temperature elevated by several degrees,4' 6 but other fish examined were at most a fraction of a degree above ambient temperature.
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The benefits which a fish might obtain by being at a temperature above that of its environment include increased rates of processes such as digestion, conduction of nerve impulses, and speed of muscle contraction. Despite the possible advantages, most fish cannot be appreciably warmer than the water because all blood passes through the gills before reaching the tissues. If equilibration of gases occurs between the blood in the gills and the surrounding water, then temperature equilibration will also occur, for thermal diffusion is more rapid than molecular diffusion. On leaving the gills, the blood is thus at the same temperature as the water. Metabolic heat will warm the blood when it reaches the tissues, but metabolism is limited by the amount of oxygen carried by the blood. One milliliter of fish blood with a high oxygen-carrying capacity can bind about 0.2 ml of oxygen. The caloric yield from respiring this amount of oxygen is about one calorie, the amount of heat necessary to warm 1 ml of blood by 10C. Since the cooling and oxygen uptake are linked by the physical process of the passage of blood through the gills, it would seem impossible for a fish to maintain its body temperature more than one degree above that of its environment by metabolic processes alone.
Since tuna may have temperatures more than 100 above that of the sea, it is clear that they must have some mechanism for conserving their metabolic heat. We will describe observations indicating that a countercurrent heat exchange system of parallel arteries and veins acts as a thermal barrier which prevents heat from being carried away by the blood and allows the tissues to reach a temperature considerably higher than that of the environment.
Methods.-The tuna (big-eye, Thunnus obesus, and yellowfin, T. albacares) were caught on long-line fishing gear during the winter of 1965-66 in the western North Atlantic and the eastern South Pacific.7 Small fish were hauled out of the water on the line; large ones were brought aboard in a large net or gaffed through the roof of the mouth. A sea-water hose was immediately placed in the mouth of the fish and about 0.2 mg/kg curare given intravenously within 2 min. Within a minute or two the fish was quiet enough to handle and was laid on its back in a wooden cradle shaped to fit the fish. A 1 1/2 in. hose was placed in its mouth and a large volume of sea water at low pressure was flushed over its gills. A sprinkler hose kept the outside of the fish wet and at the same temperature as the gills. All temperature differences are referred to the temperature of this irrigating water.
Under these conditions tuna would remain alive for 3 or more hr during which time the heart beat, felt through the inner wall of the gill chamber, was strong and steady.
Temperature measurements were made with thermistors mounted in 25-cm lengths of 16-gauge (1.65 mm OD) stainless steel tubing and read with a direct current wheatstone bridge. These probes were inserted into the muscle at a number of locations, and temperatures were read at measured depths. At the end of the experiment the fish was sectioned and the actual course of the probes determined from the marks they left in the muscle tissue. A 22-gauge needle probe was used for the measurement of temperatures in blood vessels.
For dissection of the circulatory system the blood vessels were injected with 20-- latex or with warm 7 per cent gelatin colored with carmine or india ink. The fish were cooled in a freezer to solidify the injection mass, and dissected at sea.
Results.-The fish were on the long line for unknown intervals between the time they were hooked and hauled aboard. The condition of the nine live tuna we used varied between lively and weak. The maximum temperature within different individuals ranged from 3 to 12 degrees above that of the water, with the higher temperatures found in the fish which appeared to be in the best condition. The highest body temperature, 320, was in a lively, 70-kg big-eye taken from 200 water. The maximum temperature found in a yellowfin was 260 in a 12-kg fish from 190 water.
The temperature distributions in a cross section and a frontal section of a big-eye are shown in Figure 1 . The highest temperatures were found deep in the lateral muscle behind the pectoral fin, the thickest part of the fish. In most of the fish examined, the highest temperatures were at the margin of the dark and light muscle near the circles formed by the sectioned dorsal myotomes. The muscle near the vertebrae was cooler. In the two fish with the greatest temperature difference between muscle and water, the high-temperature isotherms extended dorsally into the light muscle (Fig. 1B) .
Temperatures in the lateral veins and in the heart of two fish were found to be less than 0.20C above the water.
The high temperatures persisted for hours when curarized fish were held on deck and irrigated with cold sea water. In a 13.5-kg yellowfin the maximum temperature was 4.00 above the water at the start and 3.60 above after 1 1/2 hr on deck. The muscle near the vertebrae cooled by 1.50 during this interval. In a similar experiment with a 75-kg big-eye the temperature difference fell from 6.90 to 4.4°d uring a 3-hr experiment. To test the effect of surface cooling we tied a 2-in.-thick pad of insulating plastic foam to one side of a 48-kg big-eye, but allowed the cooling water from the hose to run normally over the other side. After 1 1/2 hr on deck the temperature difference between muscle and water had dropped 31 WATER TEMPERATURE= 24.2-from 6.20 to 3.00C but the temperature gradi-30 ents were the same on both the insulated and 0 uninsulated sides (Fig. 2) .
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The main blood supply to the swimming '22 dorsal and ventral muscles and the deep muscles lying near the vertebrae are supplied by branches from the dorsal aorta and drain into the postcardinal vein. There are no retia in this region in the big-eye and the branches of the vessels are simple triads of artery-vein-artery. The details of the small vessels were examined only in the big-eye.
Discussion.-In the retia the parallel vessels are arranged so that the arterial blood flows into the muscle from the lateral arteries in the opposite direction to the venous blood flowing out. The small vessels of the rete are in intimate contact with one another. Such a system establishes a constant temperature gradient between arteries and veins and makes an effective countercurrent heat exchanger.9 While the branches from the retia and from the segmental vessels are essentially two-dimensional structures, there is close contact between the arteries and veins. These vascular bands should form effective countercurrent heat exchangers but are probably less efficient than the retia and become progressively less efficient as the number of vessels in the branch decreases.
In the tuna cross section, the temperature increases from the cool skin to a maximum near the center of the dorsal myomeres. The most central muscle near the vertebrae is often at a lower temperature (Fig. 1) . The highest temperatures are found in the muscle whose blood supply flows through the lateral retia; the intermediate temperatures, in muscle supplied by the large vascular bands from the segmental vessels; and the lower temperatures, in surface muscles and in muscle supplied with blood from the artery-vein-artery triads at the ends of the segmental vessels and from the aorta postcardinal vein system. The steepest thermal gradients are associated with the regions served by the greatest numbers of parallel arteries and veins (Fig. 3) .
The temperature in the lateral arteries must be nearly the same as that of the sea water in which the tuna is swimming, as this blood comes directly from the gills.
Measurements show that the temperature in the lateral veins is about 0.20 above that of the water but the blood in the muscles a few centimeters from the lateral vein may be 100 above this temperature. Most of the heat carried by the venous blood leaving the muscles is transferred to the incoming arterial blood so that little heat is lost through the gills and the muscles may remain warm.
The effectiveness of the heat exchange is indicated by the experiments in which heat production in the muscles was minimized with curare and the gills were cooled with sea water, but the fish nevertheless maintained an elevated body temperature for several hours. During these hours the heart was pumping cold arterial blood continuously into the muscle. This blood would have cooled the tissue rapidly if there were not a mechanism for heat conservation. The experiment in which insulating one side of the fish had no effect on the temperature gradient shows that the heat loss that does occur takes place mostly through the gills and that surface cooling is of little importance (Fig. 2) .
The suggestion that the high internal temperature is an artifact resulting from the struggles of the tuna on deck' is disproved both by our experiments with curarized fish and by measurements of the internal temperature of tuna swimming in the water. '0 Tuna are active, powerful fish which achieve swimming speeds of up to 70
km/hrll with the extra power available by keeping their muscles warm, The heat produced by muscular metabolism is conserved within the muscle by a highly developed system of parallel arteries and veins which act as a countercurrent heat exchanger and permit the animals to have muscle temperatures of as much as 32°in 20°water. We are currently studying the relations between circulation and temperature in the viscera of tuna and in other fishes. Summary.-Tuna fish maintain their body temperature above ambient water temperature. The countercurrent flow of blood and water in the gills of fishes ensures that the blood comes to water temperature, and in most fish metabolic heat is thus dissipated. In tuna a highly developed countercurrent heat exchange system located in the vascular system of the muscle provides a thermal barrier which prevents heat from being carried off by the blood and lost through the gills. The heat exchange system also lowers the thermal gradient between the surface of the body and the water and reduces heat loss through surface cooling.
